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(57) ABSTRACT

Disclosed herein are systems, methods, and non-transitory
computer-readable storage media for combining frame and
segment level processing, via temporal pooling, for phonetic
classification. A frame processor unit receives an input and
extracts the time-dependent features from the input. A plural-
ity of pooling interface units generates a plurality of feature
vectors based on pooling the time-dependent features and
selecting a plurality of time-dependent features according to
a plurality of selection strategies. Next, a plurality of segmen-
tal classification units generates scores for the feature vectors.
Each segmental classification unit (SCU) can be dedicated to
a specific pooling interface umt (PIU) to form a PIU-SCU
combination. Multiple PIU-SCU combinations can be further

combined to form an ensemble ol combinations, and the
ensemble can be diversified by varying the pooling operations
used by the PIU-SCU combinations. Based on the scores, the
plurality of segmental classification units selects a class label
and returns a result.

20 Claims, 6 Drawing Sheets
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SYSTEM AND METHOD FOR COMBINING
FRAME AND SEGMENT LEVEL

PROCESSING, VIA TEMPORAL POOLING,
FOR PHONETIC CLASSIFICATION

PRIORITY DOCUMENT

The present application 1s a continuation of U.S. patent
application Ser. No. 13/281,102, filed Oct. 23, 2011, the
contents ol which 1s incorporated herein by reference in 1ts
entirety.

BACKGROUND

1. Technical Field

The present disclosure relates to speech recognition and
more specifically to combiming frame and segment level pro-
cessing, via temporal pooling, for phonetic classification.

2. Introduction

Traditional approaches for automatic speech recognition
aim to recognize a sequence of events 1n an mnput. By focusing
on a sequence of words or phoneme, these approaches greatly
limit the range of solutions for automatic speech recognition.
For example, traditional approaches can only use the acoustic
features, measured at specific time intervals called frames, as
iput. Moreover, traditional models are typically only trained
according to the maximum likelthood criterion.

The current models are based on one of two distinct
approaches for automatic speech recognition: frame-based
classification and segment-based classification. Frame-based
classification models perform a frame-level analysis of the
input to determine the structure and characteristics of the
input. The classification performance for these models, how-
ever, 1s marked by significant error rates.

On the other hand, segment-based classification models
perform a segment-level analysis of the input to determine the
structure and characteristics of the mnput. Segment-based
classification models assume that the boundaries of the input
are known at test time. The features 1n the input are extracted
at the segment level, and processed through a static architec-
ture that has no concept of time. These models typically
perform better than frame-based classification models. Nev-
ertheless, segment-based classification models include sig-
nificant drawbacks. First, segment-based classification mod-
cls typically require hand tuning of the system to the task,
which can be costly and 1netficient. Second, such segmental
approaches, when adapted to situations when no segment
information 1s provided beforehand, often result 1n very high
computational costs. These and other problems exist 1n cur-
rent speech classification models.

SUMMARY

Additional features and advantages of the disclosure will
be set forth 1n the description which follows, and 1n part wall
be obvious from the description, or can be learned by practice
of the herein disclosed principles. The features and advan-
tages of the disclosure can be realized and obtained by means
of the mstruments and combinations particularly pointed out
in the appended claims. These and other features of the dis-
closure will become more fully apparent from the following
description and appended claims, or can be learned by the
practice of the principles set forth herein.

The approaches set forth herein are based on a multi-layer
model that combines both frame-based and segment-based
processing, interfaced via a temporal pooling layer. The
multi-layer model combines a frame level transformation of
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the signal with a segment level classification. To this end, the
multi-layer model converts frame scores mto segment scores
to integrate the frame-based and segment-based classification
approaches. The multi-layer model uses novel temporal pool-
ing techniques over windows of variable lengths along the
time dimension. This allows detection of patterns that span
multiple frames. Diversity in pooling techniques is also used
to generate different candidate classifiers. The classifiers can
then be combined to form an ensemble of classifiers to boost

classification performance. The frame processing unit can
also be shared across segments and classifiers in the ensemble
to limit the combinatonial explosion of computation to the
segmental classification unit.

The multi-layer model provides significant performance
improvements without relying on expert knowledge. More-
over, the multi-layer model offers significant practical advan-
tages. For example, the multi-layer model 1s modular, having,
a frame-based layer, segment-based layer, and temporal pool-
ing layer. This allows for greater customization and optimi-
zation for a particular task. Also, the multi-layer model
enables a connected input recognition implementation where
the majority of computation, which 1s performed at frame
level, can be shared.

Disclosed are systems, methods, and non-transitory com-
puter-readable storage media for combining frame and seg-
ment level processing, via temporal pooling, for phonetic
classification. The multi-layer model performs frame-level
processing of the mput using a frame processing unit. The
frame processor unit receives the input and extracts the time-
dependent features from the mnput. The frame processor unit
can 1nclude one or more temporal filters for extracting the
time-dependent features. The output from the frame process-
ing unit can be, for example, a feature map of the mput.

An ensemble of pooling interface units receive the output
from the frame processing unit and perform temporal pooling
to extract the time-1nvariant features. The ensemble of pool-
ing iterface units generates feature vectors based on pooling
the time-dependent features and selecting time-dependent
features according to multiple selection strategies, called
“pooling”. The temporal pooling can be performed over mul-
tiple sub-segments (e.g., states) of the input, and the sub-
segments can be generated according to multiple partitioning
strategies. For instance, the input can be partitioned 1nto three
segments (two smaller segments on the sides and one larger
segment 1n the middle). The ensemble of pooling interface
units can perform a pooling operation over each of these
segments independently of the other segments. A selection
strategy (“pooling™) can be based on one or more functions,
rules, relationships, formulas, values, etc. For example, a
selection strategy can be based on a max, average, or rectified
average score.

Next, an ensemble of segmental classification units gener-
ates scores for the feature vectors. The scores can be, for
example, conditional probabilities of classes. A segmental
classification unit can be dedicated to a particular pooling
interface umt to form a pooling mterface unit (PIU) and
segmental classification unit (SCU) combination (PIU-SCU).
Multiple PIU-SCU combinations can be further combined to
form an ensemble of combinations, and the ensemble of
combinations can be diversified by varying the parameters
and pooling strategies used by the PIU-SCU combinations.

Based on the scores, the ensemble of segmental classifica-
tion units then selects a class label. For instance, the ensemble
of segmental classification units can select the class label
corresponding to the highest probability. Finally, the multi-
layer model returns aresult based on the class label. The result
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can be a class label, recognition candidate, representation of
the 1mput, etc. In one embodiment, the result 1s a vector of
class labels.

The principles herein can be applied to speech recognition
in any situation, as well as video recognition, gesture recog-
nition, 1mage recognition, content recognition, object recog-
nition, character recognition, and so forth. Moreover, the
result returned by the multi-layer model can be used for a
variety of different applications, such as test-to-speech unit
dictionary building, online continuous speech recognition,
high confidence segmental rescoring, 1mage 1dentification,
language 1dentification, video identification, object 1dentifi-
cation, and so forth.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to describe the manner in which the above-recited
and other advantages and features of the disclosure can be
obtained, a more particular description of the principles
briefly described above will be rendered by reference to spe-
cific embodiments thereol which are illustrated 1n the
appended drawings. Understanding that these drawings
depict only exemplary embodiments of the disclosure and are
not therefore to be considered to be limiting of its scope, the
principles herein are described and explained with additional
specificity and detail through the use of the accompanying
drawings 1n which:

FIG. 1 1llustrates an example system embodiment;

FI1G. 2 1llustrates a functional block diagram that illustrates
an exemplary natural language spoken dialog system:;

FIG. 3 illustrates a basic example of a multi-layer archi-
tecture that combines a frame-based and segment-based
layer, interfaced via a temporal pooling layer;

FI1G. 4 1llustrates an example architecture of a segmental
classification unit used by the system:;

FIG. 5 illustrates an exemplary multi-layer model config-
ured to use a set of different pooling architectures; and

FIG. 6 illustrates an example method embodiment.

DETAILED DESCRIPTION

Various embodiments of the disclosure are discussed 1n
detail below. While specific implementations are discussed, 1t
should be understood that this 1s done for illustration pur-
poses only. A person skilled 1n the relevant art will recognize
that other components and configurations may be used with-
out parting from the spirit and scope of the disclosure.

The present disclosure addresses the need in the art for
improved approaches for performing phone classification for
speech recognition. A brief introductory description of a basic
general purpose system or computing device in FIG. 1 which
can be employed to practice the concepts 1s disclosed herein.
The disclosure then turns to a description of speech process-
ing and related approaches. A more detailed description of the
principles, architectures, and methods will then follow. These
variations shall be discussed herein as the various embodi-
ments are set forth. The disclosure now turns to FIG. 1.

With reference to FIG. 1, an exemplary system 100
includes a general-purpose computing device 100, including
a processing unit (CPU or processor) 120 and a system bus
110 that couples various system components including the
system memory 130 such as read only memory (ROM) 140
and random access memory (RAM) 150 to the processor 120.
The system 100 can include a cache 122 of high speed
memory connected directly with, in close proximity to, or
integrated as part of the processor 120. The system 100 copies
data from the memory 130 and/or the storage device 160 to
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the cache 122 for quick access by the processor 120. In this
way, the cache provides a performance boost that avoids
processor 120 delays while waiting for data. These and other
modules can control or be configured to control the processor
120 to perform various actions. Other system memory 130
may be available for use as well. The memory 130 can include
multiple different types of memory with different perfor-
mance characteristics. It can be appreciated that the disclo-
sure may operate on a computing device 100 with more than
one processor 120 or on a group or cluster of computing
devices networked together to provide greater processing
capability. The processor 120 can include any general pur-
pose processor and a hardware module or software module,
such as module 1 162, module 2 164, and module 3 166 stored
in storage device 160, configured to control the processor 120
as well as a special-purpose processor where software
istructions are icorporated into the actual processor design.
The processor 120 may essentially be a completely seli-
contained computing system, contaimng multiple cores or
processors, a bus, memory controller, cache, etc. A multi-core
processor may be symmetric or asymmetric.

The system bus 110 may be any of several types of bus
structures including a memory bus or memory controller, a
peripheral bus, and a local bus using any of a variety of bus
architectures. A basic mput/output system (BIOS) stored 1n
ROM 140 or the like, may provide the basic routine that helps
to transier information between elements within the comput-
ing device 100, such as during start-up. The computing device
100 further includes storage devices 160 such as a hard disk
drive, a magnetic disk drive, an optical disk drive, tape drive
or the like. The storage device 160 can include software
modules 162, 164, 166 for controlling the processor 120.
Other hardware or soitware modules are contemplated. The
storage device 160 1s connected to the system bus 110 by a
drive interface. The drives and the associated computer read-
able storage media provide nonvolatile storage ol computer
readable instructions, data structures, program modules and
other data for the computing device 100. In one aspect, a
hardware module that performs a particular function includes
the software component stored in a non-transitory computer-
readable medium 1n connection with the necessary hardware
components, such as the processor 120, bus 110, display 170,
and so forth, to carry out the function. The basic components
are known to those of skill in the art and appropriate vanations
are contemplated depending on the type of device, such as
whether the device 100 1s a small, handheld computing
device, a desktop computer, or a computer server.

Although the exemplary embodiment described herein
employs the hard disk 160, 1t should be appreciated by those
skilled 1n the art that other types of computer readable media
which can store data that are accessible by a computer, such as
magnetic cassettes, flash memory cards, digital versatile
disks, cartridges, random access memories (RAMs) 150, read
only memory (ROM) 140, a cable or wireless signal contain-
ing a bit stream and the like, may also be used 1n the exem-
plary operating environment. Non-transitory computer-read-
able storage media expressly exclude media such as energy,
carrier signals, electromagnetic waves, and signals per se.

To enable user 1interaction with the computing device 100,
an mput device 190 represents any number of 1nput mecha-
nisms, such as a microphone for speech, a touch-sensitive
screen for gesture or graphical input, keyboard, mouse,
motion mput, speech and so forth. An output device 170 can
also be one or more of anumber of output mechanisms known
to those of skill in the art. In some 1nstances, multimodal
systems enable a user to provide multiple types of mput to
communicate with the computing device 100. The commu-




US 9,208,778 B2

S

nications interface 180 generally governs and manages the
user input and system output. There 1s no restriction on oper-
ating on any particular hardware arrangement and therefore
the basic features here may easily be substituted for improved
hardware or firmware arrangements as they are developed.

For clarnty of explanation, the 1llustrative system embodi-
ment 1s presented as including individual functional blocks
including functional blocks labeled as a “processor’ or pro-
cessor 120. The functions these blocks represent may be
provided through the use of either shared or dedicated hard-
ware, including, but not limited to, hardware capable of
executing software and hardware, such as a processor 120,
that 1s purpose-built to operate as an equivalent to software
executing on a general purpose processor. For example the
functions of one or more processors presented in FIG. 1 may
be provided by a single shared processor or multiple proces-
sors. (Use of the term “processor” should not be construed to
refer exclusively to hardware capable of executing software.)
[llustrative embodiments may include microprocessor and/or
digital signal processor (DSP) hardware, read-only memory
(ROM) 140 for storing soitware performing the operations
discussed below, and random access memory (RAM) 150 for
storing results. Very large scale integration (VLSI) hardware
embodiments, as well as custom VLSI circuitry in combina-
tion with a general purpose DSP circuit, may also be pro-
vided.

The logical operations of the various embodiments are
implemented as: (1) a sequence of computer implemented
steps, operations, or procedures running on a programmable
circuit within a general use computer, (2) a sequence of com-
puter implemented steps, operations, or procedures running,
on a specific-use programmable circuit; and/or (3) 1ntercon-
nected machine modules or program engines within the pro-
grammable circuits. The system 100 shown in FIG. 1 can
practice all or part of the recited methods, can be a part of the
recited systems, and/or can operate according to nstructions
in the recited non-transitory computer-readable storage
media. Such logical operations can be implemented as mod-
ules configured to control the processor 120 to perform par-
ticular functions according to the programming of the mod-
ule. For example, FIG. 1 illustrates three modules Mod1 162,
Mod2 164 and Mod3 166 which are modules configured to
control the processor 120. These modules may be stored on
the storage device 160 and loaded into RAM 150 or memory
130 at runtime or may be stored as would be known 1n the art
in other computer-readable memory locations.

Having disclosed some components of a computing sys-
tem, the disclosure now turns to FIG. 2, which 1llustrates an
exemplary natural language spoken dialog system. F1G. 21s a
tunctional block diagram that illustrates an exemplary natural
language spoken dialog system. Spoken dialog systems aim
to 1dentily 1intents of humans, expressed 1n natural language,
and take actions accordingly, to satisty their requests. Natural
language spoken dialog system 200 can include an automatic
speech recognition (ASR) module 202, a spoken language
understanding (SLU) module 204, a dialog management
(DM) module 206, a spoken language generation (SLG) mod-
ule 208, and text-to-speech (1TS) module 210 which can be
substituted by one or more other speech synthesis module.
The T'TS module can be any type of speech output module.
For example, 1t can be a module wherein one prerecorded
speech segment1s selected and played to a user. Thus, the TTS
module represents any type ol speech output. The present
disclosure focuses on 1nnovations related to the ASR module
202 and can also relate to other components of the dialog
system. For instance, pooling can also be used for the accurate
selection of phonetic dictionary units 1n the T'TS module.
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The automatic speech recognition module 202 analyzes
speech input and provides a textual transcription of the speech
input as output. SLU module 204 can recerve the transcribed
input and use a natural language understanding model to
analyze the group of words that are included 1n the transcribed
input to derrve a meaning from the input. The role of the DM
module 206 1s to interact 1n a natural way and help the user to
achieve the task that the system 1s designed to support. The
DM module 206 receives the meaning of the speech mput
from the SLU module 204 and determines an action, such as,
for example, providing a response, based on the mput. The
SL.G module 208 generates a transcription of one or more
words 1n response to the action provided by the DM 206. The
TTS module 210 recerves the transcription as iput and pro-
vides generated audible speech as output based on the tran-
scribed speech.

Thus, the modules of system 200 recognize speech mput,
such as speech utterances, transcribe the speech input, 1den-
t1ily (or understand) the meaning of the transcribed speech,
determine an appropriate response to the speech mnput, gen-
crate text ol the appropriate response and from that text,
generate audible “speech” from system 200, which the user
then hears. In this manner, the user can carry on a natural
language dialog with system 200. Those of ordinary skill 1n
the art will understand the programming languages for gen-
erating and training automatic speech recognition module
202 or any of the other modules 1n the spoken dialog system.
Further, the modules of system 200 can operate independent
of a full dialog system. For example, a computing device such
as a smartphone (or any processing device having a phone
capability) can include an ASR module wherein a user says
“call mom™ and the smartphone acts on the 1nstruction with-
out a “spoken dialog.” A module for automatically classitying
or rescoring segments ol speech can join the system at any
point or at multiple points 1n the cycle or can be integrated
with any of the modules shown 1n FIG. 2. For instance, the
ASR module can produce multiple phoneme sequence
hypotheses, and they can be further rescored. Further, the
speech recognition principles set forth below can be 1ncorpo-
rated within this functional framework.

Having described both a sample computing system and an
exemplary natural language spoken dialog system, the dis-
closure now turns to FIG. 3, which illustrates a basic example
of a multi-layer architecture 300 that combines a frame-based
and segment-based layer, interfaced via a temporal pooling
layer. The multi-layer architecture 300 includes a frame pro-
cessor 304 at the frame-based layer, a pooling interface 308 at
the temporal pooling layer, and a segment classifier 312 at the
segment-based layer.

The frame processor 304 provides a frame-level transior-
mation of a signal, such as a video signal, a digital signal, an
analog signal, an acoustic signal, and so forth. The frame
processor 304 includes one or more temporal filters, which 1t
uses to extract time-dependent features from the input 302. In
one aspect, the frame processor 304 includes a temporal filter
bank and 1s configured to use a point-wise non-linearity func-
tion.

As shown in FIG. 3, the frame processor 304 first receives
an input 302. The mput 302 can be, for example, a signal; a
sequence ol frames 1n a segment; a segment of video, audio,
data; a sequence of features 1n a segment; etc. In FIG. 3, the
iput 302 1s a feature sequence associated with every frame
extracted from pre-segmented phone segments. Here, the fea-
ture sequence from input 302 1s represented by a matrix Xe
R L, where d represents the d frame dimensions and T
represents the number of frames associated with the phone
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segment, such that X=[x,, X,, . .., X,|, where the 1-th column
of X represents the feature vector x; corresponding to the jth
frame.

After receiving the mput 302, the frame processor 304
extracts the time-dependent features from the input 302. In
one embodiment, the frame processor 304 1s configured to use
a temporal filter to extract the time-dependent features from
the input 302. In FIG. 3, the functionality of the frame pro-
cessor 304 resembles the functionality of a standard Time
Delay Neural Network (TDNN): the frame processor 304
takes as input a two dimensional feature map X and produces
as output 306 another two dimensional feature map 7. Spe-
cifically, 1n this example, the output 306 of the frame proces-
sor 304 1s a two dimensional map Z=(z,, Z,, . . . , Ziz s 1H]5
with ZeR hxT**Y where h is the number of filters in the
frame processor 304 and (T-k+1) represents the number of
temporal features generated by the filters. In one aspect, the
output 306 1s then passed through a point-wise nonlinearity.

The pooling interface 308 receives the output 306 and
begins a temporal pooling operation. In one embodiment, the
pooling interface 308 divides the output 306 1nto sub-matri-
ces before beginning the temporal pooling operation. For
example, the pooling interface 308 can divide the matrix Z
from output 306 along 1ts columns, into S non-overlapping,
contiguous sub-matrices, with the number of columns 1n the

can alternatively divide the matrix Z into S overlapping sub-
matrices. The pooling interface 308 can then apply the tem-
poral pooling operation to each of the sub-matrices indepen-
dently.

The pooling interface 308 begins the temporal pooling
operation by combining the components of the output 306.
The pooling interface 308 extracts the time-invariant features
from the combination using one or more selection strategies.
A selection strategy can be based, for example, on one or
more functions, rules, relationships, formulas, values, etc. In
one aspect, the selection strategy 1s based on the total of all
scores (e.g., confidence scores) computed over time for the
time-dependent features 1n the output 306.

In FIG. 3, the pooling interface 308 applies an average
pooling operation to the S sub-matrices, and generates a
teature vector for all the S sub-matrices. In this example, the
pooling interface 308 applies the average pooling operation to
the k-th sub matrix (ke{1, ...,S}), which generates a feature
vector y*eR”, given by

Y = %Zﬂ{

where d* is the frame size of segment S. The pooling interface
308 then applies the average pooling operation to the remain-
ing S sub-matrices, and concatenates the results to yield a
pooling output 310, represented by the feature vector yeR™.
In another embodiment, the pooling interface 308 applies a
rectified average pooling operation to the S sub-matrices, and
concatenates the results to yield a feature vector associated
with all the S sub-matrices. Here, the pooling interface 308
applies an absolute value function to every component of 1ts
input to yield absolute values, such that, for example, y, =lz, |.
The pooling interface 308 then performs the average pooling
operation using the absolute values generated by the absolute
value function. In another embodiment, the pooling interface
308 applies a max pooling operation to the S sub-matrices,
and concatenates the result to yield a feature vector associated
with all the S sub-matrices. In yet another embodiment, the
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pooling interface 308 applies a weighted average pooling
operation to the S sub-matrices, and concatenates the results
to yield a feature vector associated with all the S sub-matrices.
These weights usually follow a tapering window function of
time, decreasing to zero at the edge of the sub-matrix. Pooling
operations other than those disclosed herein can be incorpo-
rated 1n order to achieve different results.

Next, the segment classifier 312 receives the pooling out-
put 310 from the pooling interface 308. The pooling output
310 includes a group of features, such as a feature vector,
which can represent the relevant features of the input over a
length of time. The segment classifier 312 then generates a
vector of class probabailities p,, p,, p, associated with one or
more features in the pooling output 310. Finally, the vector of

class probabilities p,, p,, p; can be used to select a class label
for the mput.

FIG. 4 illustrates an example architecture of a segmental
classification unit 400, such as the segment classifier 312
shown 1n FIG. 3, which can be implemented 1n a multi-layer
architecture. The segmental classification unit 400 can
include one or more perceptron layers. In one embodiment,
the segmental classification unit 400 1includes an 1input layer
and an output layer. In another embodiment, the segmental
classification unit 400 includes an input layer, an output layer,
and one or more hidden layers. In FIG. 4, the segmental
classification unit 400 includes two hidden perceptron layers
406, 412, one stacked on top of the other. Each of the two
hidden perceptron layers 406, 412 includes a linear module
408, 414, followed by a tan h non-linearity 410, 416 applied
component-wise to the respective output of the linear module
408, 414. The two hidden perceptron layers 406, 412 are
tollowed by a fully-connected linear layer 418. The number
of nodes 1n the fully connected linear layer 418 can be equal
to the number of class labels, but can be greater or fewer.

As 1llustrated 1 FIG. 4, the segmental classification unit
400 can also 1nclude a softmax non-linearity layer 420. In this
example, the outputs O,, O,, O, from the fully-connected
linear layer 418 are passed through the softmax non-linearity
layer 420, which performs a softmax function to generate the
conditional probabilities of classes p,, p,, p5- For example, let
O; denote the output of the j-th unit of the tully connected
linear layer 418. The class probability p1 can then represent
the output of the 1-th unit of the softmax non-linearity layer
420, given by

Once the softmax non-linearity layer 420 has generated the
conditional probabilities of classes p,, p,, ps, the segmental
classification unit 400 can return a value based on the condi-
tional probabilities of classes p,, p,, p5. In one aspect, the
segmental classification unit 400 returns a class label that
corresponds to the highest probability from the conditional
probabilities of classes p,, p,, Pa.

The disclosure now turns to FIG. 5, which illustrates an
exemplary multi-layer model 500 configured to use a set of
pooling architectures. The multi-layer model 500 includes a
frame processing unit 502, a group of pooling interface units
504, 506, 508, a group of segmental classification units 516,
518, 520, and a recognition module 528. The multi-layer
model 500 can also include additional frame processing units.
Moreover, a segmental classification unit can include one or
more hidden layers, but does not have to include any hidden
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layers. In one embodiment, the multi-layer model 500 1s a
multi-layer perceptron, having a frame processing unit 302 as
an input layer, a plurality of pooling intertface units 504, 506,
508 as a temporal integration layer, and a plurality of segmen-
tal classification units 516, 518, 520 as an output layer.

The multi-layer model 500 combines frame-based process-
ing approaches and segment-based processing approaches for
phonetic classification. As 1illustrated in FIG. 5, the multi-
layer model 500 uses a plurality of pooling interface units
504,506, 508 to interface the frame-based and segment-based
layers of the multi-layer model 500. In FIG. 5, the frame
processing unit 502 receives an input and performs frame-
level transformation of the mput. In one embodiment, the
frame processing unmit 502 performs frame-level transforma-
tion of an acoustic signal. In another embodiment, the frame
processing unit 302 performs frame-level transformation of a
video signal. In yet another embodiment, the frame process-
ing unit 502 performs frame-level transformation of a data
signal.

The frame processing unit 502 uses one or more temporal
filters to process the mput and extract the time-dependent
teatures. In one embodiment, the frame processing unit 502
uses a Time Delay Neural Network (TDNN) to predict the
values 1n the frame sequence. For example, the TDNN can
compute values in the frame sequence as functions of the
input, and generate a plurality of values as the output. This
results 1n the frame processing unit 502 recerving the mput
and providing a two dimensional feature map as the output.

The plurality of pooling interface units 504, 506, 508
receive the output from the frame processing unit 502 and
perform temporal pooling to extract the time-1nvariant fea-
tures. The plurality of pooling interface units 504, 506, 508 1s
configured to implement various pooling strategies, which
can provide a significant performance boost. For example, the
plurality of pooling interface units 504, 506, 508 can include
a pooling interface unit configured to select a plurality of
time-dependent features based on an average pooling opera-
tion, a pooling interface unit configured to select a plurality of
time-dependent features based on a rectified average pooling,
operation, and/or a pooling interface unit configured to select
a plurality of time-dependent features based on a max pooling
operation. In another embodiment, the plurality of pooling
interface units each receive the output of a distinct frame
processing units (there 1s one FPU per PIU).

The plurality of pooling interface units 504, 506, 508 can
also be configured to pool the input at a partition level. Here,
the input can be partitioned according to one or more parti-
tioming schemes, and the plurality of pooling interface units
504, 506, 508 can implement one or more pooling strategies
for each partitioning scheme. In one embodiment, the mnput is
partitioned 1n three different ways. For example, the input can
be partitioned according to a (0.5:0.25:0.25) scheme, a (0.25:
0.5:0.25) scheme, and a (0.25:0.25:0.5) scheme. The pooling
interface units 504, 506, 508 then pool the features 1n the
(0.5:0.25:0.25), (0.25:0.5:0.25), and (0.25:0.25:0.5) parti-
tions, according to one or more pooling strategies. In another
embodiment, the input 1s partitioned 1n four different ways:
(0.3:0.4:0.3), (0.5:0.25:0.25), (0.25:0.5:0.25), and
(0.25:0.25:0.5). The pooling interface units 504, 506, 508
then pool the features 1n the (0.3:0.4:0.3), (0.5:0.25:0.25),
(0.25:0.5:0.23), and (0.25:0.25:0.5) partitions, according to
one or more pooling strategies. The above partition schemes
can be modified, and additional partition schemes can be
implemented to increase diversity.

Upon completion of the temporal pooling operation, the
plurality of pooling interface units 504, 506, 508 generate a
plurality of feature vectors 510, 512, 514. The plurality of
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segmental classification units 516, 518, 520 take the plurality
of feature vectors 510, 512, 514 and produce a plurality of
scores corresponding to the plurality of feature vectors 510,
512, 514. The plurality of segmental classification units 516,
518, 520 can also apply a function to the plurality of scores to
modily the values. In one embodiment, the plurality of seg-
mental classification units 516, 518, 520 applies a soltmax
function to the plurality of scores to generate a vector of class
probabilities.

Each segmental classification unit 1n the plurality of seg-
mental classification units 516, 518, 520 can have one or more
perceptron layers. In one embodiment, one or more segmen-
tal classification units have two hidden standard perceptron
layers followed by a fully connected linear layer. In another
embodiment, one or more segmental classification units have
a single hidden standard perceptron layer followed by a fully
connected linear layer. In yet another embodiment, one or
more segmental classification units have a single linear layer.

Each PIU-SCU combination can be trained separately,
prior to testing, to minimize an error function. For instance, 1f
the output score corresponds to the probability to observe a
phone given the iput, the error will be the distance from
target scores assigned by a human labeler. In another embodi-
ment, these target scores could be provided by another auto-
matic labeling procedure. The procedure to modily the
parameters of the system so as to minimize the error 1s sto-
chastic gradient descent. Thus, each combination 1s trained
separately, and recombined at testing time. This approach can
enhance performance of the system.

Also, each segmental classification unit can optionally be
dedicated to processing outputs from a specific pooling inter-
face unit. For example, pooling interface unit 504 can be
assigned to segmental classification unit 516 to form a par-
ticular pooling interface umt (PIU) and segmental classifica-
tion unit (SCU) combination (e.g., PIU 504-SCU 516). Here,
the multi-layer model 500 can include one or more PIU-SCU
combinations. In one embodiment, the multi-layer model 500
includes an ensemble of 60 PIU-SCU combinations. In this

example, the input 1s partitioned 1n four different ways: (0.3:
0.4.0.3), (0.5:0.25:0.25), (0.25:0.5:0.25), and

(0.25:0.25:0.5). Five PIU-SCU combinations are then con-
figured for each partitioning scheme, yielding twenty PIU-
SCU combinations, where each PIU-SCU combination 1s
configured to start with a different set of 1mitial parameters.
The twenty PIU-SCU combinations are then configured to
implement an average pooling operation for each partition. A
second set of twenty PIU-SCU combinations 1s then config-
ured to implement a rectified average pooling operation for
cach partition. Finally, a third set of twenty PIU-SCU com-
binations 1s configured to implement a sum pooling operation
for each partition. The combined first, second, and third sets
of twenty PIU-SCU combinations make up the ensemble of
60 PIU-SCU combinations.

Next, the plurality of segmental classification units 516,
518, 520 sclects a plurality of class labels 522, 524, 526 based
on the plurality of scores. In one embodiment, the plurality of
segmental classification units 516, 518, 520 selects the plu-
rality of class labels 522, 524, 526 corresponding to the high-
est probabilities. In yet another embodiment, the plurality of
segmental classification units 516, 518, 520 selects aplurality
of recognition candidates based on the plurality of scores.
Finally, the recognition module 528 returns a result based on
the plurality of class labels 522, 524, 526. The result can be a
class label, vector of class labels, recognition candidate, rep-
resentation of the mput, etc.

Having disclosed some basic system components and con-
cepts, the disclosure now turns to the exemplary method
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embodiment shown in FIG. 6. For the sake of clarity, the
methods are discussed in terms of an exemplary system 100
as shown 1 FIG. 1 configured to practice the respective
methods. The steps outlined herein are exemplary and can be
implemented in any combination thereof, including combi-
nations that exclude, add, or modily certain steps.

FIG. 6 1llustrates an example method embodiment. The
system 100 recerves an iput at a frame processing unit (602).
The mput can be, for example, a signal. Moreover, the input
can include images, data, audio, video, and so forth. The input
can also include a sequence of frames 1n a segment of video,
audio, 1mages, and so forth. The input can be pre-segmented
to include a sequence of segments, each segment correspond-
ing to a portion of the mput. In one embodiment, the mput 1s
a sequence of frames associated with a phone segment. In
another embodiment, the input is a sequence of features asso-
ciated with a group of frames extracted from pre-segmented
phone segments.

The system 100 extracts time-dependent features from the
input via the frame processing unit (604 ). The frame process-
ing unit can include one or more temporal filters. In one
embodiment, the frame processing unit includes one tempo-
ral filter. In another embodiment, the frame processing unit
includes a temporal filter bank. In yet another embodiment,
the frame processing unit includes a temporal filter bank
followed by a point-wise non-linearity.

In one embodiment, the frame processing unit takes as
input a two-dimensional feature map and uses a temporal
filter bank to produce as output another two-dimensional
feature map which represents the time-dependent features
from the mput. For example, the frame processing unit can
take as input a two-dimensional feature map represented as a
matrix XeR “**, where d represents the d dimensional frames
and T represents the number of frames associated with the
input, such that X=[x,, x,, . . . , X,], where the j-th column of
X represents the teature vector x,, corresponding to the frame
1. Here, the value associated with the 1-th filter’s output fea-
ture map at time t 1s a convolution using a filter of width k:
Z, 2 lkwg*ij Vlst<T-k+1, where w, eR ?(1=j=k) are the
parameters associated with the 1-th filter. IT h 1s the number of
filters 1n the filter bank, the value associated with the filter
bank’s output feature map at time t can then be represented by
z;ZFlkW X Where WeR *4 (1<j<k) are the parameter
matrices, and z,eR ” is the hidden representation of the input
at time t. Thus, the output from the frame processing unit can
be the two-dimensional feature map 2=(z,, z,, . . ., 2.7 4,13l
with ZeR =" Tn one aspect, each element of the two-
dimensional feature map Z 1s passed through a point-wise
non-linearity. For example, the two-dimensional feature map
7. can be passed through a hyperbolic tangent function:
y,~tan h(z,,).

Next, the system 100 uses a plurality of pooling interface
units to generate a plurality of feature vectors based on pool-
ing the time-dependent features and selecting a plurality of
time-dependent features according to a plurality of selection
strategies (606). Each pooling interface unit 1s configured to
combine the time-dependent features extracted by the frame
processing unit and select a plurality of time-dependent fea-
tures according to a selection strategy. A selection strategy
can be based, for example, on an average, rectified average, or
max score.

In one embodiment, the plurality of pooling interface units
includes a pooling interface unit configured to select a plu-
rality of time-dependent features based on an average pooling,
operation, a pooling interface unit configured to select a plu-
rality of time-dependent features based on a rectified average
pooling operation, and a pooling interface unit configured to
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select a plurality of time-dependent features based on a max
pooling operation. In another embodiment, the plurality of
pooling mterface units includes two pooling interface units
configured to select a plurality of time-dependent features
based on an average pooling operation, and three pooling
interface units configured to select a plurality of time-depen-
dent features based on a rectified average pooling operation.

The plurality of pooling interface units can also be config-
ured to divide the output generated by the frame processing
unit before beginning the pooling operation. For example, the
plurality of pooling interface units can be configured to
receive the two-dimensional feature map 7 outputted by the
frame processing unmit, and divide the matrix Z along 1its col-
umns nto S non-overlapping, contiguous sub-matrices. The
plurality of pooling interface units can then combine the
time-dependent features extracted by the frame processing
unit, and select a plurality of time-dependent features accord-
ing to a selection strategy to yield a plurality of feature vec-
tors. In one embodiment, the plurality of pooling interface
units combines the time-dependent features 1n the sub-matri-
ces, and selects a plurality of time-dependent features for
cach of the sub-matrices to yield a plurality of feature vectors.
Here, each pooling interface unit from the plurality of pooling
interface units can generate a plurality of feature vectors,
where each feature vector 1s associated with a particular sub-
matrix. Each pooling interface unit can then concatenate the
plurality of feature vectors associated with each of the sub-
matrices, to vield a feature vector associated with the S sub-
matrices.

The system 100 then generates, via a plurality of segmental
classification units, a plurality of scores associated with the
plurality of feature vectors (608). The scores can be, for
example, class probabilities. In one embodiment, the plurality
of segmental classification units recerves as input a plurality
of feature vectors generated by the plurality of pooling inter-
face units, and generates a vector of class probabilities asso-
ciated with each phone class in a plurality of phone classes. In
another embodiment, the plurality of segmental classification
units recerves as mput a plurality of feature vectors generated
by the plurality of pooling interface units, and generates a
plurality of confidence scores associated with the plurality of
feature vectors.

Next, the system 100 selects a class label based on the
plurality of scores (610). After selecting the class label, the
system 100 returns a result based on the class label. In one
embodiment, the system 100 returns a class label. In another
embodiment, the system 100 returns a recognition candidate.
In yet another embodiment, the system 100 returns a repre-
sentation of the mnput.

Embodiments within the scope of the present disclosure
may also include tangible and/or non-transitory computer-
readable storage media for carrying or having computer-ex-
ecutable instructions or data structures stored thereon. Such
non-transitory computer-readable storage media can be any
available media that can be accessed by a general purpose or
special purpose computer, including the functional design of
any special purpose processor as discussed above. By way of
example, and not limitation, such non-transitory computer-
readable media can include RAM, ROM, FEPROM, CD-
ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, or any other medium which
can be used to carry or store desired program code means 1n
the form of computer-executable instructions, data structures,
or processor chip design. When information is transferred or
provided over a network or another communications connec-
tion (either hardwired, wireless, or combination thereot) to a
computer, the computer properly views the connection as a
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computer-readable medium. Thus, any such connection 1s
properly termed a computer-readable medium. Combinations
of the above should also be included within the scope of the
computer-readable media.

Computer-executable instructions include, for example,
instructions and data which cause a general purpose com-
puter, special purpose computer, or special purpose process-
ing device to perform a certain function or group of functions.
Computer-executable instructions also include program
modules that are executed by computers in stand-alone or
network environments. Generally, program modules include
routines, programs, components, data structures, objects, and
the functions inherent 1n the design of special-purpose pro-
cessors, etc. that perform particular tasks or implement par-
ticular abstract data types. Computer-executable instructions,
associated data structures, and program modules represent
examples of the program code means for executing steps of
the methods disclosed herein. The particular sequence of such
executable instructions or associated data structures repre-
sents examples of corresponding acts for implementing the
functions described 1n such steps.

Those of skill 1 the art will appreciate that other embodi-
ments of the disclosure may be practiced 1n network comput-
ing environments with many types ol computer system con-
figurations, 1ncluding personal computers, hand-held
devices, multi-processor systems, microprocessor-based or
programmable consumer electronics, network PCs, mini-
computers, mainframe computers, and the like. Embodi-
ments may also be practiced 1n distributed computing envi-
ronments where tasks are performed by local and remote
processing devices that are linked (either by hardwired links,
wireless links, or by a combination thereof) through a com-
munications network. In a distributed computing environ-
ment, program modules may be located in both local and
remote memory storage devices.

The various embodiments described above are provided by
way of 1llustration only and should not be construed to limit
the scope of the disclosure. For example, the principles herein
can be applied to speech recognition in any situation, as well
as video recognition, image recognition, content recognition,
object recognition, character recognition, and so forth. Those
skilled 1n the art will readily recognize various modifications
and changes that may be made to the principles described
herein without following the example embodiments and
applications 1llustrated and described herein, and without
departing from the spirit and scope of the disclosure.

We claim:

1. A method comprising:

extracting time-dependent features from an 1nput, to yield
extracted time-dependent features;

selecting a plurality of time-dependent features from the
extracted time-dependent features using a plurality of
selection strategies, wherein a plurality of pooling inter-
face units select the plurality of time-dependent features
based on a weighted average score and on a rectified
average score of the extracted time-dependent features;

generating a plurality of feature vectors by pooling the
plurality of time-dependent features using a plurality of
pooling interface units;

generating a plurality of scores associated with the plural-
ity of feature vectors; and

returning, in response to the mput, a class label selected
based on the plurality of scores.

2. The method of claim 1, wherein the input comprises a

sequence of frames 1n a segment of one of a video, an audio,
and an 1mage.
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3. The method of claim 1, wherein the mnput comprises a
segmented stream of one of video, audio, 1mages, and data.

4. The method of claim 1, wherein the input comprises a
signal.

5. The method of claim 1, wherein the selecting of the
plurality of time-dependent features 1s further based on a
maximuim score.

6. The method of claim 1, further comprising generating a
plurality of partitions associated with the plurality of time-
dependent features according to a plurality of partitioning
strategies.

7. The method of claim 6, wherein a selection strategy from
the plurality of partitioning strategies 1s based on a plurality of
partition scores, wherein the plurality of partition scores cor-
responds to the plurality of partitions.

8. The method of claim 1, wherein the weighted average
score tapers as a function of time.

9. The method of claim 1, further comprising concatenat-
ing the plurality of feature vectors, to yield a master feature
vector associated with all feature vectors 1n the plurality of
feature vectors.

10. A system comprising:

a processor; and

a computer-readable storage medium having instructions

stored which, when executed by the processor, result 1n

operations comprising:

extracting time-dependent features from an input, to
yield extracted time-dependent features;

selecting a plurality of time-dependent features from the
extracted time-dependent features using a plurality of
selection strategies, wherein a plurality of pooling
interface units select the plurality of time-dependent
features based on a weighted average score and on a
rectified average score of the extracted time-depen-
dent features;

generating a plurality of feature vectors by pooling the
plurality of time-dependent features using a plurality
of pooling 1nterface units;

generating a plurality of scores associated with the plu-
rality of feature vectors; and

returning, in response to the mput, a class label selected
based on the plurality of scores.

11. The system of claim 10, wherein the imnput comprises a
sequence of frames 1n a segment of one of a video, an audio,
and an 1mage.

12. The system of claim 10, wherein the input comprises a
segmented stream of one of video, audio, 1images, and data.

13. The system of claim 10, wherein the input comprises a
signal.

14. The system of claim 10, wherein the selecting of the
plurality of time-dependent features 1s further based on a
maximuim score.

15. The system of claim 10, the computer-readable storage
medium having additional instructions stored which, when
executed by the processor, result 1n operations comprising
generating a plurality of partitions associated with the plural-
ity of time-dependent features according to a plurality of
partitioning strategies.

16. The system of claim 15, wherein a selection strategy
from the plurality of partitioning strategies i1s based on a
plurality of partition scores, wherein the plurality of partition
scores corresponds to the plurality of partitions.

17. The system of claim 10, wherein the weighted average
score tapers as a function of time.

18. The system of claim 10, the computer-readable storage
medium having additional instructions stored which, when
executed by the processor, result in comprising concatenating
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the plurality of feature vectors, to yield a master feature vector
associated with all feature vectors 1n the plurality of feature
vectors.

19. A computer-readable storage device having instruc-
tions stored which, when executed by a computing device, 5
result 1n operations comprising;:

extracting time-dependent features from an 1nput, to yield

extracted time-dependent features;

selecting a plurality of time-dependent features from the

extracted time-dependent features using a plurality of 10
selection strategies, wherein a plurality of pooling inter-
face units select the plurality of time-dependent features
based on a weighted average score and on a rectified
average score of the extracted time-dependent features;
generating a plurality of feature vectors by pooling the 15
plurality of time-dependent features using a plurality of
pooling interface units;

generating a plurality of scores associated with the plural-

ity of feature vectors; and

returning, in response to the mput, a class label selected 20

based on the plurality of scores.

20. The computer-readable storage device of claim 19,
wherein the input comprises a sequence of frames 1n a seg-
ment of one of a video, an audio, and an 1mage.
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